In a typical gas turbine engine, the gas exiting the combustor is significantly hotter than the melting temperature of the turbine components. The 
Introduction
In an effort to increase overall efficiency and power output of industrial gas turbines, the combustor exit temperatures have continued to rise. This has placed an ever increasingly difficult task on engine designers to effectively cool turbine components. The turbine inlet guide vanes are subjected to the most extreme conditions and are therefore one of the most difficult components to cool. Most turbine guide vanes contain a complicated internal cooling scheme, as well as external film-cooling holes, which are designed to cover the surface of the vane with a thin protective film of relatively cooler air.
There are three main regions of the vane where film cooling is used: the leading edge, the pressure side, and the suction side. Multiple rows of cylindrical holes are typically used near the leading edge to make sure that the stagnation region is adequately cooled. On the pressure and suction sides, rows of film-cooling holes are spaced such that the downstream row is placed where the upstream row ceases to be effective. Different film-cooling hole shapes are used in an effort to keep the jet attached to the surface over a range of blowing ratios.
One film-cooling hole shape that is a consideration for a designer is the so-called fan-shaped hole, or laid-back diffuser hole. This hole expands in the lateral direction, effectively reducing the jet's momentum before it ejects onto the downstream surface. The reduced momentum helps the jet stay attached to the surface for high blowing ratios. The fan-shaped hole also promotes lateral spreading of the jet compared with a cylindrical hole, causing the jet to more effectively cover the entire surface.
This study is the first to present parallel heat transfer coefficients and adiabatic film-cooling effectiveness for a scaled-up turbine guide vane with fan-shaped film-cooling holes. Heat transfer coefficients are presented for a dry airfoil at different span heights noting the effect of endwall contouring. Heat transfer coefficients are also presented with trip wires used to simulate the boundary layer transition caused by a row of film-cooling holes. Adiabatic effectiveness data are presented for the leading edge, as well as eight individual fan-shaped cooling rows on the pressure and suction sides for engine representative blowing ratios.
Past Studies
Past studies involving surface heat transfer on a gas turbine vane include the effects of Reynolds number, free-stream turbulence, acceleration, transition, and surface roughness. The transition location is particularly important because of the increase that occurs in heat transfer coefficients as the boundary layer becomes turbulent. The film-cooling rows on the vane surface also cause the boundary layer to transition from laminar to turbulent.
There have been a few studies investigating the effect of boundary layer transition on vane surface heat transfer using a trip wire to force the boundary layer to transition. Riess and Bölcs ͓1͔ used a trip wire on the suction side to transition the boundary layer upstream of a single row of cooling holes and showed a decrease in adiabatic film-cooling effectiveness with an incoming turbulent boundary layer.
Polanka et al. ͓2͔ studied leading-edge film cooling experimentally for blowing ratios ranging from 0.3 to 2.9. They had six rows of showerhead holes that were directed along the span of the vane and had a 25 deg angle relative to the surface. Results from Polanka et al. ͓2͔ showed increasing adiabatic effectiveness with increasing blowing ratio. This was attributed to the small surface angle facilitating jet attachment.
There have been many studies investigating the benefits of film cooling of many different hole shapes on flat plates. Gritsch et al. ͓3͔, Yuen et al. ͓4͔, and Dittmar et al. ͓5͔ all studied fan-shaped film-cooling holes on a flat plate for blowing ratios ranging from 0.33 to 2.83. All reported that fan-shaped film-cooling holes performed better than cylindrical holes for all measured blowing ratios, particularly the higher blowing ratios. The fan-shaped hole performed better because its reduced jet momentum allowed the jet to stay attached to the surface and spread out and cover a larger surface area. Dittmar et al. ͓6͔ studied fan-shaped holes on a flat surface designed to simulate the Reynolds number and acceleration parameter distribution along the pressure side of a gas turbine vane. Dittmar et al. ͓6͔ showed that fan-shaped holes have higher levels of adiabatic film-cooling effectiveness than cylindrical holes for the same amount of coolant flow, especially at blowing ratios above one.
Film cooling is a topic that has been studied extensively; yet, despite all the work done there has not been much published research with fan-shaped cooling holes on turbine vanes. Guo et al. ͓7͔ studied the adiabatic film-cooling effectiveness on a fully cooled nozzle guide vane with fan-shaped holes in a transonic annular cascade using thin-film technology. On the suction side they found that fan-shaped holes had a consistently higher level of adiabatic film-cooling effectiveness than cylindrical holes. On the pressure side, Guo et al. ͓7͔ found that initially downstream of the hole exit the fan-shaped hole had a higher adiabatic film-cooling effectiveness than the cylindrical hole. However, the fan-shaped hole had a much faster decay of adiabatic effectiveness on the pressure side than the cylindrical hole.
Zhang et al. ͓8͔ researched vane film cooling with one row of shaped holes on the suction side using the pressure-sensitive paint technique. They found that adiabatic film-cooling effectiveness increased from blowing ratios of 0.5 to 1.5. Zhang et al. ͓8͔ also reported that for a blowing ratio of 1.5, a small separation region occurred downstream of the hole exit before the jet reattached. Using the same setup and technique, Zhang and Pudupatty ͓9͔ studied one row of fan-shaped holes on the pressure side. They found that the adiabatic film-cooling effectiveness decreased as blowing ratios increased from 1.5 to 2.5.
Sargison et al. ͓10͔ studied a converging slot-hole design on a flat plate and compared the results with cylindrical and fan-shaped holes. They found that the fan-shaped holes and converging slot holes had similar adiabatic effectiveness levels downstream of the hole exit, and both performed better than cylindrical holes. Sargison et al. ͓11͔ did the same comparison on a transonic nozzle guide vane placed in an annular cascade. Again, fan-shaped holes and converging slot holes both performed similarly in terms of adiabatic film cooling effectiveness, and both performed better than cylindrical holes at the same blowing ratios.
Schnieder et al. ͓12͔ studied vane film cooling with showerhead blowing and three rows of fan-shaped film-cooling holes on the pressure side. They presented laterally averaged adiabatic effectiveness data for each row for three blowing ratios. Schnieder et al. ͓12͔ investigated the superposition approach for individual rows, and found that it matched quite well with the complete coverage data. Polanka et al. ͓13͔ also examined the effect of showerhead blowing on the first downstream pressure side row. They found that at higher blowing ratios the pressure side row separated without upstream showerhead cooling. With showerhead cooling, the adiabatic effectiveness downstream of the separating pressure side row increased. This was attributed to the upstream showerhead coolant increasing turbulence levels and dispersing the downstream detached jet down towards the surface.
Despite the work that has been done to study fan-shaped film cooling on a gas turbine vane, there still is not a complete study offering high-resolution measurements of adiabatic film-cooling effectiveness that characterizes the entire pressure and suction side surfaces. The current study offers a complete characterization by giving measurements at eight surface locations for different blowing ratios. It is important to understand the jet-free-stream interaction at each location on the vane surface, since film-cooling effectiveness is affected by many different factors which vary along the vane surface including surface curvature, acceleration, the state of the boundary layer, and pressure gradient.
Experimental Facilities
The heat transfer on a nozzle guide vane is difficult to predict with boundary layer codes due to factors such as surface curvature, pressure gradients, boundary layer transition location, and free-stream turbulence. This study used a large-scale test facility to obtain high-resolution heat transfer and adiabatic film-cooling effectiveness data. All experiments were done in the low-speed, large-scale, closed-loop wind tunnel shown in Fig. 1 . Heat was removed from the flow by the main heat exchanger before entering the flow split section. A perforated plate provided the correct pressure drop to split the flow into a center flow channel and two secondary channels. The core flow was heated by a 55 kW heater bank, while the outer two channels were cooled by heat exchangers and served as the coolant flow supply. The measurements were taken on the center vane of the two passage cascade ͑shown in Fig. 2͒ , which had one contoured endwall. The free-stream turbulence level entering the turbine cascade was measured with a hot wire anemometer to be 1.2%. A description of the vane geometry, as well as some nominal operating conditions, is listed in Table 1 . Inlet temperatures were 30°C for the heat transfer coefficient tests and 60°C for the film-cooling measurements, while inlet pressures were nominally atmospheric.
Vane Test Section Design. Whenever a nozzle guide vane is placed in a low-speed experimental facility, the lack of compressibility effects changes the location of the minimum static pressure on the suction surface. There are two options available for doing low-speed simulations, the first of which is to redesign the turbine vane profile so that the low-speed pressure distribution matches Transactions of the ASME the engine surface pressure distribution. The second option, which was taken in this study, is to incorporate a contoured endwall to accelerate the flow, which maintains the vane's geometric integrity from the engine design. The finished contour is shown in Fig. 3 nondimensionalized by the maximum span height. The contraction occurs earlier along the surface of the suction side. Figure 4 shows the nondimensional pressure distribution, Cp, before and after the contoured endwall compared with the engine conditions. The film-cooling hole exit locations are shown in Fig. 4 as well.
The low-speed pressure distributions were predicted with FLUENT 6.0, a commercially available computational fluid dynamics ͑CFD͒ solver, and verified experimentally. An iterative process was used to design the contour that involved altering the contour shape, modeling the resulting geometry in FLUENT, and comparing the modified Cp distribution to the engine Cp distribution. A systematic iterative approach of altering the contour based on the desired difference between pressure distributions was used by implementing the definition of the pressure coefficient as well as Bernoulli's equation. Note that the Cp distribution at the vane midspan was the design location for these iterations. The final contour shape had a sharp contraction, with the span reduced by 46% from the leading edge to trailing edge across the vane passage.
The effect of the contour on the pressure distribution can be seen in Fig. 5 by measurements at three span heights. The Cp distribution at the lowest span height ͑Z / Z max =30%͒ did not vary significantly from the midspan location ͑Z / Z max =46%͒, indicating a nearly two-dimensional flow on the bottom half of the vane. At the highest span height ͑Z / Z max =70%͒ the flow on the suction side initially had a much lower acceleration, indicating a stagnating flow in the region just upstream of the contraction. However, as the contour began to contract the flow showed a much greater acceleration at the 70% span.
Vane Construction. The center vane was made from a lowdensity foam with a low thermal conductivity ͑k = 0.028 W / m K͒ in order to minimize conduction losses through the surface. For the heat transfer tests, the vane was covered with 13 Inconel 600 thin metal foils, which provided a constant surface heat flux. Between each foil there was a gap of 0.38 cm, which allowed enough room for pressure taps and insured that current did not conduct between foils. The foils were connected in series, with copper bus bars soldered to the ends of each foil to promote a uniform distribution of the current and insure a good electrical connection. The vane was instrumented with 214 type E thermocouples that were placed just below the heat transfer surface at five span heights to measure the surface temperature. Pressure taps were installed at 74 locations along the vane at three span heights, concentrating them in regions of high-pressure gradients as predicted by FLUENT. The convective heat flux was calculated using the total power supplied to the metal foils minus radiation losses and conduction losses and gains. For the radiation correction the emissivity, = 0.22, of the Inconel foils was assumed to be the same value as stainless-steel foils ͑Incropera and DeWitt ͓14͔͒. The surrounding temperatures were measured and found to agree with the free- stream temperature. The radiation losses amounted to 4% of the total heat flux. Conduction corrections were calculated based on a one-dimensional conduction model driven by the temperature difference through the foam vane, and accounted for a maximum of about 2% of the total heat flux for the worst case. Adiabatic film-cooling effectiveness measurements were performed in the same large-scale test facility as the heat transfer measurements. Coolant flow was provided by the upper flow channel of the wind tunnel shown in Fig. 1 , using a blower to increase the coolant supply pressure before it was fed into the film-cooling vane. The temperature difference between the freestream and coolant flows was typically 20°C for the film-cooling tests, yielding density ratios near 1.06. The center vane of the two-passage cascade contained five rows of cylindrical showerhead film-cooling holes and eight rows of fan-shaped film-cooling holes, four rows each on the suction and pressure sides. The experimental film-cooling vane is shown in Fig. 6 . A detailed schematic of the fan-shaped film-cooling hole geometry is shown in Fig. 7 , while the important film-cooling parameters are listed in Table 2 for both the showerhead and fan-shaped holes. The cylindrical showerhead holes had a 60 deg surface angle and a 90 deg compound angle. The centerlines of the fan-shaped holes were angled 30 deg with respect to the surface. The fan-shaped holes also had a 10 deg lateral diffusion angle from the hole centerline and a 10 deg forward expansion angle.
The film-cooling vane was also constructed using low thermal conductivity foam ͑k = 0.028 W / m K͒. The film-cooling holes were cut into the foam using a 5-axis water jet cutting machine. The manufacturing process did produce small nonuniformities in the diameter of the cylindrical portion of the hole. Each hole was measured individually to insure the correct flow areas were used in calculating the coolant mass flow. The nominal diameter for the cylindrical portion of the fan-shaped film-cooling hole was 0.38± 0.015 cm. Four plenums were placed inside the filmcooling vane to allow for the capability of independently varying individual row blowing ratios. To verify the nondimensional pressure distribution as discussed previously, pressure taps were placed at a 46% span. Type E thermocouples were also placed flush with the surface at various locations for calibration purposes.
To set the desired coolant flows, discharge coefficients were measured for the fan-shaped film-cooling holes and compared to data from Gritsch et al. ͓15͔, which had slightly larger lateral diffusion and forward expansion angles of 1 = 14 deg and 2 = 15 deg. Discharge coefficients shown in Fig. 8 increased with pressure ratio initially before leveling off, with C D values falling in the range between 0.8 and 0.9. Generally good agreement is shown between most of the rows and also between the current study and Gritsch et al. ͓15͔, with slight differences in C D attributed to the smaller lateral diffusion and forward expansion angles used in our study. C D values were further verified by running multiple rows at the same time and comparing the calculated total mass flow rate using pressure ratios and C D coefficients to the measured total flow rate, showing agreement within 1%.
An infrared ͑IR͒ camera was used to measure the surface temperature distribution on the vane during testing. Five images were taken at each location and averaged to minimize experimental uncertainty. Images were taken from beneath the test section through ZnSe windows placed in the lower flat endwall ͑illus-trated in Fig. 2͒ . For some of the rows, more than one image was necessary to capture the area downstream of the cooling holes. Because of the vane surface curvature and the 45 deg angle between the IR camera and the surface, the IR images needed to be transformed to accurately represent the true surface distance. Prior to testing, a 1 ϫ 1 cm grid was placed on the surface of the vane and an IR image was taken at each viewing location. Next, the grid vertices in each of the images were used to perform a thirdor fourth-order polynomial surface transformation for that image.
The transformed images were then calibrated using type E ther- Transactions of the ASME mocouples that were placed flush with the vane surface. The infrared camera measures the radiation from the surface, so an accurate knowledge of the surface emissivity and the surrounding ambient temperature yields the correct surface temperature. Blowing ratios for this study were defined in two ways, depending on the region. For the showerhead region, blowing ratios are reported based on the inlet velocity, U in
However, for each row of fan-shaped holes, blowing ratios are reported in terms of the local surface velocity,
Five blowing ratios were tested for the showerhead region, four blowing ratios were tested for each row on the pressure side, and three blowing ratios were tested for each row on the suction side. The range of blowing ratios was chosed to span typical engine operating conditions.
Experimental Uncertainty. The partial derivative and sequential perturbation method given by Moffat ͓17͔ was used to calculate uncertainties for the measured values. For a high reported value of St= 0.0093 the uncertainty was ±3.23%, while the uncertainty for a low value of St= 0.0023 was ±2.13%. The uncertainties for the adiabatic effectiveness measurements were ±0.012 for a high value of AW = 0.9 and ±0.011 for a low value of AW = 0.2.
Experimental Results
Heat transfer results will be discussed first, followed by adiabatic effectiveness results and a comparison to existing data from literature.
Heat Transfer Results.
Heat transfer results are reported in terms of the Stanton number based on inlet velocity, with results shown in Fig. 9 for each of the five span locations. There was a local peak in heat transfer at the stagnation region for all span heights, followed by a decrease on the pressure side before Stanton numbers leveled off. On the suction side there was a decrease in heat transfer until the boundary layer transitioned from laminar to turbulent. The transition caused a large increase in heat transfer, followed again by decreasing Stanton numbers as the turbulent boundary layer developed.
A large increase in Stanton numbers also occurred at the higher span locations, which were closer to the contour, but the increase occurred at more upstream locations on the surface ͑S / S max,SS = 0.4 for the 73% span location and S / S max,SS = 0.3 for the 88% span location͒. The sudden increase in Stanton numbers below 50% span was because of the boundary layer transition. However, the effect of the contour was to stagnate the flow in the region just upstream of the contraction, which led to the increase in Stanton numbers for the higher span locations. A midspan comparison with the prediction from the numerical boundary layer code TEX-STAN ͓18͔ shows the same general trends in Stanton numbers.
Trip wires were used to simulate film-cooling injection along the surface of the vane. The effect of a trip wire on the boundary layer is analogous to a film-cooling hole modifying the boundary layer. The desired effect was that of perturbing the laminar boundary layer and causing it to become turbulent at the trip location.
The trip wires consisted of materials that would not conduct current across the heat transfer surface, and were sized based on the criterion by Schlichting ͓19͔, which stated that the critical Reynolds number based on the trip diameter should be greater than 900 to cause boundary layer transition. Trip wires were placed at four locations on the suction side as shown in Fig. 10 . The critical Reynolds numbers based on the trip wire diameters and local velocities are also shown in Fig. 10 . Note there were no cooling holes present during these tests; they are merely illustrated for reference. Figure 11 shows the effect of the trip wires placed on the suction side in terms of a locally defined Stanton and Reynolds number, along with flat plate correlations for laminar and turbulent flow over a flat plate with constant surface heat flux developed by Kays and Crawford ͓20͔. Trip 1, which was placed at the same surface location as the first row of suction side film-cooling holes, caused the boundary layer to transition. However, the boundary layer ultimately relaminarized because of the strong flow acceleration. Further downstream, the boundary layer transitioned at nominally the same location as the no-trip case. Trip 2, which was placed at the same surface location as the second row of suction side film-cooling holes, again forced the boundary layer to transition, which was shown by an increase in heat transfer. In this case, however, the boundary layer did not relaminarize as for trip 1. A resulting investigation of several more trip locations defined a Showerhead Adiabatic Effectiveness Results. Showerhead film cooling was investigated independently, without downstream blowing, by measuring AW for five different blowing ratios ranging from M ϱ = 0.6 to 2.9. These blowing ratios are reported as the average M ϱ value of the five showerhead rows when referring to a certain case, although M ϱ values varied slightly between rows. Film-cooling effectiveness contours for the highest and lowest blowing ratio cases are shown in Fig. 12 . As M ϱ increased, the jets were directed up the span of the vane and started to lift off. At M ϱ = 0.6 the coolant trickled out, causing the jets to spread laterally, while at M ϱ = 2.9 the coolant offered little benefit downstream of the holes.
The pitch-averaged film-cooling effectiveness for the showerhead cases is shown in Fig. 13 . It is interesting to see that the peaks increase with M ϱ while the valleys decrease with M ϱ . This is due to the change in jet direction as the blowing ratio increased. Also shown in Fig. 13 is a comparison to Polanka et al. ͓2͔ for blowing ratios of 0.5 and 2.9. The showerhead holes in their study had a shallow surface angle of 25 deg, as compared with the much sharper 60 deg surface angle used in this study, although both studies had a 90 deg compound angle. In addition, the holes in the Polanka et al. ͓2͔ study were in a staggered configuration. These differences in geometry allowed the film-cooling jets to stay attached to the surface much better, even for the relatively low blowing ratio of 0.5, leading to the much greater levels of laterally averaged effectiveness by Polanka et al. ͓2͔.
Pressure Side Adiabatic Effectiveness Results. Single-row adiabatic film-cooling effectiveness measurements were taken for four rows on the pressure side, without any upstream showerhead blowing. Adiabatic effectiveness contours for the highest ͑M = 7.4͒ and lowest ͑M = 2.9͒ blowing ratios measured for the first pressure side row ͑row PD : S / S max,PS = −0.14͒ are shown in Fig. 14. The contours for row PD show a contraction of the jet downstream of the hole exit, indicating jet separation. After about 10 hole diameters a large lateral spreading of the jet occurs that yields an increase in both the level of adiabatic effectiveness and jet coverage. Jet separation occurred immediately downstream of Transactions of the ASME the hole location due to relatively high local blowing ratios coupled with a concave surface curvature. However, as the vane surface curved back into the jet trajectory, the jet impinged and spread onto the vane surface. As expected, this phenomenon was accentuated with an increase in blowing ratio, which led to increased separation. Also shown in Fig. 14 is the laterally averaged effectiveness for row PD. For this configuration, increased blowing led to lower laterally averaged effectiveness due to the increasing separation. Also investigated was the effect of upstream showerhead cooling on the first pressure side row of fan-shaped holes. Included in Fig. 14 is a comparison of the laterally averaged effectiveness for row PD at a blowing ratio of M = 2.9 in which there was upstream showerhead blowing ͑M ϱ = 2.0͒. The upstream blowing actually increased the adiabatic effectiveness downstream of row PD. This is consistent with the findings of Polanka et al. ͓13͔, who stated that for high blowing ratios the turbulence generated by the upstream blowing tended to disperse the jet down onto the vane surface, making it more effective at cooling the surface.
The other pressure side rows ͑row PC : S / S max,PS = −0.38, row PB : S / S max,PS = −0.61, row PA : S / S max,PS = −0.84͒ were located on a relatively flat section of the vane surface. Representative adiabatic effectiveness contours for these three rows for high ͑row PC, M = 4.8͒ and low ͑row PC, M = 2.0͒ blowing ratios are shown in Fig. 15 . The jet contours taper immediately downstream of the holes. These three pressure side rows were located in a region of high acceleration, which tends to provide less resistance to jet lift-off. Also shown in Fig. 15 are laterally averaged effectiveness values for rows PC, PB, and PA, for the highest and lowest measured blowing ratios. Due to jet separation, higher blowing ratios actually reduced the adiabatic effectiveness of the fan-shaped rows.
Suction Side Adiabatic Effectiveness. Single-row adiabatic film-cooling measurements, without any upstream showerhead blowing, were also made on the suction side for four individual rows. The first three rows on the suction side, rows SA ͑S / S max,SS = 0.09͒, SB ͑S / S max,SS = 0.21͒, and SC͑S / S max,SS = 0.35͒, were located in a region of high convex curvature and high acceleration. The final suction side row ͑row SD : S / S max,SS = 0.52͒ had much closer hole spacing and was located just upstream of the maximum throat velocity. Representative adiabatic effectiveness contours for high ͑row SA, M = 2.8͒ and low ͑row SA, M = 1.1͒ blowing ratios in the region of high curvature are shown in Fig. 16 . The contours show a large amount of separation with increased blowing. This trend is seen further in the laterally averaged effectiveness values for rows SA, SB, and SC, which are also shown in Fig. 16 for a high and low blowing ratio. Clearly, the separation is due to the severe surface curvature in this region of the suction side. The results indicate that for this region it is more beneficial to eject less flow so that it remains attached to the surface.
A representative contour of adiabatic effectiveness for row SD ͑also see Fig. 16͒ shows a much higher effectiveness than the other suction side rows, in part because of the hole spacing, but also because of an absence of separation. There was less tapering of the jet contours downstream of the hole exit for row SD, indicating less separation. Individually defined jets are nearly indistinguishable downstream of about 16 hole diameters, indicating the excellent lateral diffusion typically seen in an attached fanshaped cooling hole jet. Also shown in Fig. 16 are the laterally averaged effectiveness levels for row SD. The laterally averaged values are much higher than the separated cooling rows, and level out near a laterally averaged effectiveness value of 0.5.
Comparisons to Literature.
A pressure side comparison between cylindrical and fan-shaped cooling holes for a blowing ratio near M = 2.0 is shown in Fig. 17 . The cylindrical holes studied by Zhang and Pudupatty ͓9͔ had surface inclination angles of ␣ = 20 deg and ␣ = 40 deg, while Polanka et al. ͓13͔ studied cylindrical holes on the vane pressure side with a surface inclination angle of ␣ = 30 deg and a compound angle of 45 deg. Because of differences in hole geometry and spacing, the distance downstream of the hole exit was normalized with respect to the equivalent exit slot width s described by L'Ecuyer and Soechting ͓21͔, where s is the ratio of the hole breakout area to the hole spacing P ͑measured normal to the streamwise direction͒. This comparison shows that the fan-shaped hole geometry offers a significant increase in adiabatic effectiveness over cylindrical holes.
Although there have been some previous studies done with fanshaped holes on a vane surface, it was not possible to make a direct comparison to these studies, as the equivalent slot width was not able to be determined. For a region on the suction side with relatively low surface curvature, a comparison was made between data from our study and fan-shaped data on a flat plate from Gritsch et al. ͓3͔ ͑also shown in Fig. 17͒ . The flat plate study by Gritsch et al. ͓3͔ featured the same surface inclination angle as our study ͑␣ = 30 deg͒, with slightly larger lateral diffusion and forward expansion angles of 1 = 14 deg and 2 = 15 deg. In this region of relatively low surface curvature on the suction side, very good agreement is shown just downstream of the hole between the current study and the flat plate study by Gritsch et al. ͓3͔ .
Conclusions
This paper has presented a coupled study of the heat transfer coefficients and adiabatic effectiveness for a large-scale turbine vane under low-speed conditions. A contoured endwall was designed in order to match the engine pressure distribution around the vane. Heat transfer results showed a peak in Stanton numbers near the leading edge. Stanton numbers decreased on the pressure side to a constant value. On the suction side, Stanton numbers decreased until a surface location of S / S max = 0.5, where Stanton numbers were increased because of the boundary layer transitioning from laminar to turbulent.
Trip wires were used to simulate the boundary layer transition caused by film-cooling holes on the vane suction side. It was noted that using a trip wire to transition the boundary layer increased the Stanton numbers as if the boundary layer had transitioned naturally. The trip wire placed at the location of the first film-cooling hole row tripped the boundary layer, but the boundary layer relaminarized before the natural transition location. An investigation of trip wire location showed the sensitivity to location in terms of the boundary layer transition and the relaminarizing process. This sensitivity should be considered by engine designers when determining film-cooling hole placement, as this will dictate the laminar-to-turbulent boundary layer transition.
Adiabatic effectiveness measurements for the showerhead region showed that increasing the blowing ratio changed the direction of the jets and reduced the amount of lateral spreading. Adiabatic film-cooling effectiveness measurements showed that in regions of high curvature just downstream of the leading edge the jets separated from the surface. However, on the pressure side where there was a concave surface curvature near the first cooling hole row, the coolant jets impinged on the surface about 10 hole diameters downstream and spread laterally. Along both the suction and pressure sides, increasing the blowing ratio tended to accentuate the jet lift-off, reducing overall film-cooling effectiveness. The presence of upstream showerhead blowing on the first pressure side row tended to increase the turbulent diffusion of the jet downwards onto the surface, increasing effectiveness. The suction side was particularly hard to cool due to the jet separation resulting from the convex curvature.
A comparison to previous cylindrical hole vane cooling studies further highlights the cooling benefit from fan-shaped holes over the traditional cylindrical cooling hole shape. This study emphasizes the difficulty of film-cooling hole placement, as there are many effects that play a role in the effectiveness of a cooling jet. These effects include boundary layer transition location, surface curvature, acceleration, hole spacing, and blowing ratio. 
